SAP18 is a highly conserved protein that was proposed to be involved in multiple cellular processes from autophagy to gene regulation and mRNA processing. In this paper we show that, in Drosophila, dSAP18 is a predominantly nuclear protein that associates to both chromosomes and the nuclear matrix. dSAP18 becomes nuclear early during development, at the onset of cellularization, and remains so all through embryo development. dSAP18 is also nuclear in salivary glands, ovaries and cultured S2 cells. Here we also show that dSAP18 forms a complex with the Drosophila homolog of pinin (dPnn), a protein factor involved in mRNA splicing. dSAP18-dPnn interaction was confirmed in vivo, through co-immunoprecipitation experiments, as well as in vitro, through GST pull-down assays. These results are discussed in the context of the possible functions played by SAP18.
Introduction
SAP18 is a highly evolutionarily conserved protein found in all eukaryotic organisms analysed to date, from Saccharomycces cerevisiae to humans (Zhang et al. 1997 , Boehmelt et al. 1998 , Espinás et al. 2000 , Deramaudt et al. 2001 , Zhu et al. 2001 , Kuma et al. 2002 . SAP18 was initially identified in mammals as a component of the Sin3-HDAC co-repressor complex (Zhang et al. 1997) , suggesting a contribution to transcriptional gene regulation. Consistent with this hypothesis, SAP18 was found to interact with several transcription factors of Drosophila (E(z), Bicoid, GAGA) (Espinás et al. 2000 , Zhu et al. 2001 , Wang et al. 2002a , Xenopus (FLI/ERG) (Deramaudt et al. when tethered directly to a promoter region (Zhang et al. 1997 ) and SAP18-Su(fu) interaction was found to result in repression of Gli-mediated transcription, thus affecting hedgehog signalling (Cheng & Bishop 2002) . In Drosophila, functional analysis showed that dSAP18 modulates bicoid activity (Zhu et al. 2001 , Singh et al. 2005 ) and contributes to homeotic gene silencing (Espinás et al. 2000 , Canudas et al. 2005 . SAP18, however, appears also to be involved in several other cellular functions. In S. cerevisiae, SAP18/Apg16p forms part of a protein complex essential for autophagy (Kuma et al. 2002) and, in mammals, a second SAP18-containing multiprotein complex was reported (ASAP) (Schwerk et al. 2003) , that is involved in RNA processing and apoptosis.
In this paper we show that dSAP18 is a nuclear protein that associates with chromosomes and the nuclear matrix. We also report the purification of a novel dSAP18-containing complex that contains a polypeptide (p42) showing high homology to the N-terminal region of mammalian pinin (Pnn), a protein involved in RNA splicing (Wang et al. 2002b , Li et al. 2003 . dSAP18YdPnn interaction was confirmed both in vivo and in vitro. These results are discussed in the context of the various functional roles proposed for SAP18.
Materials and methods

Drosophila stocks and methods dsap18
117 corresponds to a null mutation generated by P-element mobilization from EP(3)3462 (Canudas et al. 2005 , Singh et al. 2005 . Df(3R)sbd 45 , which uncovers dsap18 (Zhu et al. 2001) , was obtained from the Bloomington Stock Center. Drosophila embryos, salivary glands and ovaries were prepared according to standard procedures.
Proteins and antibodies
dPnn cDNA encoding dPnn was cloned in pET14-b expression vector. GST and His-tagged recombinant dSAP18 proteins were described in Espinás et al. (2000) . Rabbit adSAP18 and mouse adPnn polyclonal antibodies were raised against bacterially expressed recombinant proteins. Rabbit adSH3PX1 was a gift from Dr C.A. Worby and antibodies against H3 and laminDm0 were purchased from Cell Signalling Technology (9715) and DSHB (ADL67-10), respectively.
Immunofluorescence microscopy analysis
For immunostaining assays, affinity-purified adSAP-18 rabbit polyclonal antibody and Cy2-secondary antibody (Jackson ImmunoResearch) were used. DNA was stained with either DAPI, in the case of embryo, polytene chromosomes and ovary preparations, or propidium iodide in the case of salivary glands. Samples were mounted in Mowiol antifade medium and visualized with a Leica confocal microscope.
Biochemical fractionation of S2 cells
Biochemical fraction of cultured S2 cells was carried out essentially as described (Reyes et al. 1997) . To obtain the cytoplasm fraction, cells were lysed in a buffer containing 10 mM Hepes pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.1 mM PMSF, 1 mg/ml Aprotinin, 1 mg/ml Leupeptin. After lysis, nuclei were recovered by centrifugation and incubated in CSK buffer (0.3 M sucrose, 10 mM Hepes pH 7.9, 100 mM NaCl, 3 mM MgCl 2 , 0.05 mM CaCl 2 , 0.5 mM DTT, 0.1 mM PMSF, 1 mg/ml Leupeptin, 1 mg/ml Aprotinin) containing 1 mg/ml DNAaseI (RNase-free) for 15 min at 37-C. After incubation, ammonium sulfate was added to a final concentration of 0.25 M to obtain the chromatin fraction of loosely bound proteins (low-salt chromatin fraction). After low-salt extraction, chromatin was recovered by centrifugation and extracted with 2 M NaCl in CSK buffer, to obtain the fraction of tightly bound proteins (high-salt chromatin fraction). After several washes with 2 M NaCl in CSK buffer to remove all histones, the remaining pellet containing the nuclear matrix fraction was solubilized in 8 M Urea, 0.1 M NaH 2 PO 4 , 10 mM Tris.HCl (pH 8). Equivalent aliquots of each fraction were subjected to SDS-PAGE and immunoblotted with the indicated antibodies.
Purification of dSAP18-containing complexes
To purify dSAP18-containing complexes, crude nuclear extracts were prepared from cultured S2 cells according to standard methods (Dignam et al. 1983 ) and applied to a phosphocellulose P11 column equilibrated with buffer D (20 mM Hepes pH 7.9, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT, 0.1 mM PMSF) containing 100 mM KCl. The column was washed with three column-volumes of buffer D containing 100 mM KCl followed by three stepelutions at 0.3 M KCl, 0.5 M KCl and 1 M KCl in buffer D with five column-volumes each. dSAP18 containing fractions from the 0.5 M KCl elution were pooled, dialyzed against buffer D containing 100 mM KCl and then applied to a ResourceQ column (Pharmacia). dSAP18 containing fractions eluting at 1 M KCl from the P11 column were desalted by chromatography through a HiTrap Desalting column (Pharmacia) and then applied to the ResourceQ column. Elution was carried out using a gradient of 100Y500 mM KCl in buffer D and fractions containing dSAP18 were pooled. For affinity purification of dSAP18 complexes, the IgG fraction of adSAP18 rabbit antiserum was obtained using a BIORAD Econo-Pac Serum IgG Purification Kit and crosslinked to protein A-Sepharose matrix using dimetilpimelimidate according to standard procedures (Harlow & Lane 1988) . The pool of dSAP18 containing fractions obtained from the ResourceQ column was incubated with the adSAP18-immunoaffinity column overnight at 4-C in a buffer containing 20 mM Hepes pH 7.9, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT, 0.1 mM PMSF, 500 mM KCl, 0.05% Nonidet P-40 and, after extensive washing of the column with the same buffer but containing 750 mM KCl, immunoadsorbed complexes were eluted with 100 mM glycine pH 2.5. For mock purification experiments, samples were incubated with protein A-Sepharose crosslinked to pre-immune IgG. Fractions were analyzed by SDS-PAGE, followed by Western blot analysis and silver staining. 
MALDI-TOF mass spectrometry
Eluates derived from the adSAP18-immunoaffinity column were concentrated on HF-0.5 (Millipore) filters, loaded on a 9Y13% SDS-PAGE and silverstained. Protein bands were then excised, rinsed with H 2 O and incubated in 200 mM NH 4 HCO 3 for 20 min. Slices were then cut into several pieces, rinsed with H 2 O followed by CH 3 CN, lyophilized, rehydrated in 25 mM NH 4 HCO 3 pH 8.5 containing 5 ng/ ml of sequencing grade-modified trypsin (Promega) and incubated overnight at 37-C with agitation. The tryptic fragments were extracted by two 1 h washes with a solution containing 50% CH 3 CN, 5% trifluoroacetic acid. The combined solution was lyophilized and resuspended in 7 ml of 50% CH 3 CN, 5% trifluoroacetic acid to perform MALDI-TOF mass spectrometry analysis.
Co-immunoprecipitation experiments
For co-immunoprecipitation assays, SL2 cells were lyzed with IPH buffer (50 mM Tris-HCl pH8, 200 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 0.1 mM PMSF, 0.2 mM Aprotinin and 0.1 mM Leupeptin) for 30 min on ice. Extracts were cleared by centrifugation and immunoprecipitation was performed by incubation with affinity-purified adSAP18 dSAP18 rabbit polyclonal or adPnn mouse polyclonal antibodies overnight at 4-C. When the rabbit preimmune serum was used, the IgG fraction was prepared. After incubation with the antibodies, 30 ml of 100 mg/ml Protein A-Sepharose beads (Amersham) were added and incubated at 4-C for 1 h. Complexes were washed extensively with IPH buffer, analyzed by Western blotting with adSAP18 or adPnn antibodies and detected by ECL (Amersham). When Co-IP experiments were performed from embryo extracts, 0Y16 h old Drosophila embryos were decorionated, rinsed extensively with 0.1% Triton X-100, once with 0.7% NaCl and once with extraction buffer (10 mM Hepes pH7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM EGTA, 10% glycerol, 1 mM DTT, 0.2 mM PMSF) at 4-C. Embryos were then incubated on ice for 15 min in extract buffer, homogenized and centrifuged for 5 min at 5000 rpm. The supernatant was collected, diluted 1:4 with IPH buffer and used in Co-IP experiments performed as described above.
GST-pull-down assays
Bacterially expressed GST and GST-dSAP18 proteins were bound to glutathione Sepharose-4B beads. Protein concentrations, determined by gel electrophoresis, were adjusted by dilution with unbound beads. Agarose-bound GST fusion proteins were equilibrated in 25 mM Hepes pH 7.5, 150 mM KCl, 12.5 mM MgCl 2 , 20% glycerol, 0.1% Nonidet P-40 and incubated for 1 h at room temperature with 35 Slabeled full-length dPnn produced in vitro from its cDNA by coupled transcription-translation using the TNT reticulocyte lysate system (Promega). Beads were washed four times with 1 ml of 20 mM TrisHCl pH8, 100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40. Bound proteins were analyzed on SDS-PAGE gels by autoradiography.
Results
dSAP18 is a nuclear protein that associates with chromosomes and the nuclear matrix To gain information about the possible functional roles of dSAP18, we performed immunolocalization experiments using adSAP18-specific antibodies to determine its cellular distribution during embryo development and in different tissues and organs of the fly.
During early embryo development, a diffuse adSAP18 signal is observed at the preblastoderm stage ( Figure 1A ), that becomes predominantly nuclear when cellularization begins in syncytial blastoderm embryos ( Figure 1B) . Later, at the gastrula stage, the nuclear signal is most evident with no significant adSAP18 reactivity detected outside the nuclei ( Figure 1C ). At this stage of embryo development, higher adSAP18 reactivity is observed in cells undergoing mitosis where adSAP18 staining co-localizes with condensed metaphasic chromosomes ( Figure 1C, insets) . Null dsap18 117 / Df(3R)sbd 45 mutant embryos show no significant adSAP18 reactivity ( Figure 1D ) demonstrating the specificity of the observed adSAP18 signals. These results indicate that, during embryogenesis, dSAP18 becomes nuclear at the onset of cellularization and remains so all through embryo development being associated with the condensed mitotic chromosomes.
At the larval stage, dSAP18 also shows a clear nuclear localization, which is most evident in cells of salivary glands from third-instar larvae (Figure 2A ) where no significant adSAP18 reactivity is observed outside the polytene nuclei. Strong adSAP18 signals are observed at discrete loci on extended polytene chromosomes ( Figure 2B ) corroborating the chromo- somal association of dSAP18. These signals are not observed on polytene chromosomes obtained from null dsap18 117 /Df(3R)sbd 45 mutant larvae ( Figure 2C ). During oogenesis the cellular distribution of dSAP18 is also restricted to nuclei of both germ-line cells and somatic follicle cells (Figure 3) . Strong adSAP18 reactivity is observed in nuclei of the oocyte and the nurse cells, where it shows distinct perinuclear enrichment as well as at some discrete foci. No significant adSAP18 staining is observed in ovaries from null dsap18 117 /Df(3R)sbd 45 mutant females (not shown).
In cultured S2 cells, dSAP18 also shows nuclear localization ( Figure 4A ). This localization was confirmed by biochemical fractionation as no significant dSAP18 is detected in the cytoplasm fraction obtained after hypotonic cell lysis ( Figure 4B , lane 1). Subsequently, nuclei were treated with DNaseI and extracted, first, at low salt to obtain the fraction of loosely bound chromatin proteins and, afterwards, at high salt to obtain the fraction of tightly bound chromatin proteins. The insoluble nuclear pellet obtained after high-salt extraction corresponds to the nuclear matrix fraction. As shown in Figure 4B , dSAP18 is found both in the low-salt ( Figure 4B , lane 2) and the high-salt chromatin fractions ( Figure 4B , lane 3), which corroborates its chromosomal association. In addition, a significant amount of dSAP-18 is also detected in the nuclear matrix fraction ( Figure 4B , lane 4).
Altogether these results indicate that, in Drosophila, dSAP18 is a nuclear protein that associates both with chromosomes and the nuclear matrix.
dSAP18 interacts with the Drosophila homolog of pinin (dPnn)
In mammals, SAP18 has been shown to be associated with at least two multiprotein complexes, the Sin3-HDAC co-repressor complex and ASAP (Zhang et al. 1997 , Schwerk et al. 2003 . To investigate the functions that dSAP18 plays in Drosophila, protein complexes containing dSAP18 were purified from cultured S2 cells. Figure 5A shows the purification scheme used. Briefly, crude S2-nuclear extracts were applied to a phosphocellulose P11 column where the majority of dSAP18 elutes at 0.5 M KCl, though a significant amount of dSAP18 is also detected at fractions eluting at 1.0 M KCl. dSAP18 complexes eluting at 0.5 M were further purified through a ResourceQ column, from which they elute as a single peak at 0.25 M KCl, followed by immunoaffinity purification using an adSAP18YProtein AYSepharose matrix. As shown in Figure 5B , the immunoaffinitypurified complex contains, in addition to dSAP18, three other polypeptides p65, p42 and p42*, that were identified by tryptic fingerprint analysis using MALDI-TOF mass spectrometry.
p42 was found to correspond to the predicted ORF CG8383 that encodes the Drosophila homolog of pinin (dPnn) (see Figure 7 below) (Ouyang & Sugrue 1996) . To confirm this hypothesis the cDNA encoding dPnn was cloned, expressed in Escherichia coli and used to raise polyclonal antibodies that, in Western blots, were found to specifically recognize Figure 5 . Purification of dSAP18-containing complexes from S2 cells. A: Purification scheme. B: SDS-PAGE analysis of the immunoaffinity-purified dSAP18-containing complex obtained from the fractions eluting at 0.5 M KCl from the P11 column. The position of molecular weight markers is indicated on the left. C: Western-blot analysis with adPnn antibodies of mock purifications (lanes 1 and 3) and immunoaffinity-purified dSAP18-containing complexes (lanes 2 and 4) obtained from the fractions eluting at 1.0 M KCl (lanes 1 and 2) and 0.5 M KCl (lanes 3 and 4) from the P11 column. Lane 5 corresponds to whole S2 nuclear extract. Lane 6 corresponds to bacterially expressed 6xHis-dPnn.
p42. As shown in Figure 5C , dPnn was retained in adSAP18-immunoaffinity purifications (lane 4) but not in mock purification experiments carried out with pre-immune IgGs (lane 3). dPnn was also found in the dSAP18 complexes obtained from the fractions eluting at 1.0 M KCl from the P11 column after immunoaffinity purification ( Figure 5C, lane 2) . The interaction between dSAP18 and dPnn was confirmed by co-immunoprecipitation experiments and GST-pull-down assays (Figure 6 ). Immunoprecipitation with adSAP18 antibodies renders significant amounts of dPnn both when performed with extracts prepared from S2 cells ( Figure 6A , lane 3) as well as with embryo extracts ( Figure 6B, lane 3) . Similarly, immunoprecipitation with adPnn antibodies results in the presence of dSAP18 in the immunoprecipitate though, in this case, efficient co-IP was obtained only when performed with S2 cells extracts ( Figure 6C , lane 3) but not with embryo extracts (not shown). These co-IPs are specific since no immunoprecipitation is obtained when using an excess of preimmune serum (Figure 6 A,B and C, lanes 2). Furthermore, in vitro, bacterially expressed dPnn is efficiently bound by a GST-dSAP18 fusion but not by GST alone ( Figure 6D) .
As judged by MALDI-TOF analysis, p42* corresponds to a post-translational modification of p42 (not shown). On the other hand, p65 was found to correspond to the sorting nexin DSH3PX1 (Worby et al. 2001) . In good agreement, p65 was specifically recognized by affinity-purified aDSH3PX1 polyclonal antibodies (not shown). Co-immunoprecipitation experiments, however, did not confirm the interaction between dSAP18 and DSH3PX1 (not shown).
Discussion
Our results indicate that, in Drosophila, dSAP18 forms a complex with dPnn. dPnn encodes a 303 aa Figure 6 . dSAP18 and dPnn interact both in vivo and in vitro. Co-immunoprecipitation experiments were performed with whole extracts obtained from S2 cells (A, C) and Drosophila embryos (B). Extracts were immunoprecipitated with adSAP18 or adPnn antibodies (lanes 3), or with an excess of preimmune serum (lanes 2) and analyzed by Western blot with adPnn (A, B) or adSAP18 (C) antibodies. Lanes 1 correspond to the corresponding whole extract. Lanes 4 correspond to bacterially expressed 6xHis-dSAP18 or 6xHis-dPnn. D: GST-pulldown assays of the interaction of recombinant dPnn with GST and GST-dSAP18. Lane labeled IN shows 10% of the input protein.
long polypeptide (predicted M = 36 kDa) that shows high identity to the N-terminal part of human Pnn (Figure 7) , a larger protein (M = 81 kDa) that contains an additional C-terminal S-rich domain (SR). Several observations strongly indicate that, in mammals, Pnn contributes to pre-mRNA splicing. Transiently expressed hPnn shows a speckled pattern reminiscent of splicing factors (Brandner et al. 1998 , Ouyang 1999 and, both in vitro and in vivo, hPnn binds spliced mRNA upstream of the exonYexon junction (Wang et al. 2002b , Li et al. 2003 . Moreover, through its N-terminal coiled-coil-domain (CCD), hPnn interacts with RNPS1 (Li et al. 2003 , Sakashita et al. 2004 , an evolutionarily conserved component of the exonYjunction complex (EJC), and over-expression of the CCD domain inhibits premRNA splicing in vivo (Li et al. 2003) . The Nterminal region of Pnn contains three structurally independent CCD domains (Figure 7) , of which C2 and C3 are sufficient for interaction with RNPS1 (Sakashita et al. 2004 ). This region is highly conserved in all pinin homologues (Figure 7) . Moreover, hPnnYhRNPS1 interaction involves the RRM domain of hRNPS1 (Sakashita et al. 2004) , which is highly conserved in dRNPS1. Altogether, these observations strongly suggest that the contribution of Pnn to pre-mRNA splicing is likely conserved through evolution. Therefore, through its association with dPnn, dSAP18 might participate in RNA processing. The association of dSAP18 with the nuclear matrix is consistent with this hypothesis. Also in mammals, SAP18 is a component of a complex, ASAP, involved in RNA splicing (Schwerk et al. 2003) . ASAP contains RNPS1 but not Pnn. Whether dSAP18 can interact directly with dRNPS1 or, in Drosophila, this interaction is mediated by dPnn, remains to be seen. It is possible, however, that direct SAP18YRNPS1 interaction might have different consequences than when mediated by Pnn. In this respect it must be noted that, in vitro, ASAP inhibits splicing stimulated by RNPS1 (Schwerk et al. 2003) .
The C-terminal SR domain of pinin is characteristic of vertebrate as it is present in all vertebrate homologues analyzed to date but not in C. elegans, A. mellifera, A. thaliana or S. pombe homologues (Figure 7) . These results suggest that the SR domain corresponds to a functionally independent domain acquired late during evolution. Through the SR domain, hPnn interacts with hPRP4K (Dellaire et al. 2002) , an evolutionarily conserved kinase that is also implicated in pre-mRNA splicing (Gross et al. 1997 , Dellaire et al. 2002 . Interaction with PRP4K might confer yet another level of regulation to the splicing function of Pnn in vertebrates.
In human epithelial cells, hPnn shows a dual cellular localization at both the nucleus and the cellular membrane, predominantly at sites of cell adhesion (Ouyang 1999) . hPnn was first identified as a protein associated with intermediate filaments of mature desmosomes (Ouyang & Sugrue 1992 , 1996 . Immunofluorescence and immuno-EM studies showed Pnn associated to keratin filaments at the cytoplasm face of desmosomes. These observations suggested a contribution to cell adhesion. Consistent with this hypothesis, overexpression of hPnn reduces cell migration and proliferation, and promotes cellY cell adhesion (Shi et al. 2000) . It is unclear whether, as its mammalian counterpart, dPnn also shows a dual cellular localization. Nevertheless, dSAP18Y dPnn interaction is unlikely to play a role in cell adhesion since, as judged by immunolocalization experiments, dSAP18 is predominantly a nuclear protein.
In addition to ASAP, in mammals, SAP18 was also found associated to the Sin3YHDAC co-repressor complex (Zhang et al. 1997) , suggesting a contribution to transcriptional regulation. The immunoaffinity-purified dSAP18 complex described here showed no reactivity against adRPD3/HDAC1 or adSIN3-specific antibodies (not shown). The reactivity against adRPD3/HDAC1 or adSIN3-specific antibodies is mostly found at fractions of the ResourceQ column that do not contain dSAP18. These results indicate that, in S2 cells, most dSAP18 is not stably associated to the Sin3YHDAC corepressor complex. It is possible, however, that the association of dSAP18 to different protein complexes would be regulated during development and/or cell cycle progression in response to different cellular signals. Several indications strongly suggest that, during embryo development, dSAP18 contributes to transcription regulation through its interaction with the Sin3YHDAC1 co-repressor complex. On one hand, through the recruitment of dRPD3/HDAC1, dSAP18 modulates bicoid activity and is required to suppress bicoid activity in the anterior tip of the embryo (Zhu et al. 2001 , Singh et al. 2005 . Furthermore, dSAP18 and dRPD3/HDAC1 localize to the Fab-7 element of the bithorax complex (BX-C) and contribute to Fab7-mediated silencing (Espinás et al. 2000 , Canudas et al. 2005 . Increasing evidence strongly suggests a link between chromatin remodeling and pre-mRNA splicing. Several transcriptional co-activators and co-repressors have been shown to interact with components involved in premRNA splicing (Ge et al. 1998 , Yang et al. 1998 , Monsalve et al. 2000 , Zhou et al. 2000 , Lee & Haber 2001 , Martínez et al. 2001 , Mathur et al. 2001 , Sutherland et al. 2001 , Dellaire et al. 2002 . Interestingly, hPnn interacts with the co-repressor CtBP (Alpatov et al. 2004 ) and hPRP4K, in addition to its interaction with hPnn, also interacts with the N-CoR co-repressor complex (Dellaire et al. 2002) . The fact that SAP18 might contribute to both co-repressor function and pre-mRNA splicing reinforces the possible coordination between RNA splicing and chromatin remodelling events.
